Cefprozil, an oral semisynthetic cephalosporin, is commonly utilized in the treatment of respiratory-tract infections in children. While this agent has provided acceptable clinical success over a number of years, this study was undertaken to better define its pharmacodynamic profile against Streptococcus pneumoniae. Nineteen clinical isolates of S. pneumoniae were utilized in the neutropenic murine thigh infection model. To simulate the pharmacokinetic profile of cefprozil in children, the renal function of mice was impaired with uranyl nitrate, and a commercially available cefprozil suspension (6 mg/kg of body weight) was administered orally every 12 h. Mice were infected with 10 6 to 10 7 CFU per thigh, and therapy was initiated 2 h later. At 0 and 24 h postinfection, thighs were harvested to determine bacterial density. Survival was assessed during 96 h of therapy. The magnitude of bacterial kill ranged from 0.5 to 4.4 log 10 CFU per thigh over 24 h, and the extent of microbial eradication was dependent on the MIC. Killing of more than 2.6 log 10 CFU per thigh was observed with MICs of <3 g/ml, while either minimal killing or growth was detected with MICs of >4 g/ml. Mortality in untreated control animals was 100%. Animals infected with strains for which the MICs were <2 g/ml survived the infection, whereas MICs exceeding 2 g/ml resulted in substantial mortality. These studies demonstrate the effectiveness of cefprozil against isolates of the pneumococcus for which the MICs are <2 g/ml using a drug exposure typically observed in children. These data support a susceptibility breakpoint of <2 g/ml for cefprozil.
MATERIALS AND METHODS

Antimicrobial test agents.
Penicillin and cefprozil analytical-grade standards were obtained for in vitro testing from Sigma Chemicals, St. Louis, Mo., and Bristol-Myers Squibb, Princeton, N.J., respectively. For all in vivo studies, a commercially available cefprozil (Cefzil; lot no. J8E18B; expiration date, Oct. 2001; Bristol-Myers Squibb) suspension was obtained from the manufacturer and administered via the oral route as outlined.
Bacterial isolates and susceptibilities. Nineteen clinical isolates of S. pneumoniae were included in this study. The MICs of penicillin and cefprozil were determined using the microdilution method according to NCCLS guidelines (9). The MICs were determined in cation-adjusted Mueller-Hinton broth (20 to 25 mg of calcium/liter and 10 to 12.5 mg of magnesium/liter) with 5% lysed horse blood in ambient air. Trypticase soy agar with 5% sheep blood was used as the growth medium for S. pneumoniae.
Thigh infection model. Specific-pathogen-free female ICR mice weighing approximately 25 g were obtained from Harlan Sprague Dawley, Inc. (Indianapolis, Ind.) and used throughout the experiment. Mice were rendered transiently neutropenic by injecting cyclophosphamide intraperitoneally (i.p.) at a dose of 150 mg/kg of body weight at 4 days and a second time, at a dose of 100 mg/kg, 1 day before bacterial inoculation. This regimen has been shown to induce neutropenia in the model for 5 days (1, 8, 10) . In addition, renal impairment was produced by a single i.p. injection of uranyl nitrate (Mallinckrodt, Inc., Paris, Ky.) 3 days prior to the initiation of antimicrobial therapy (1, 10) . Broth cultures of the test organism were grown overnight and subsequently diluted to an inoculum range of 10 6 to 10 7 CFU/ml. Final inoculum concentrations were confirmed by serial dilution and plating techniques. Thigh infection with each of the test isolates was produced by injecting 0.1 ml of the inoculum into each thigh of each mouse 2 h prior to the initiation of antimicrobial therapy.
Pharmacokinetic studies and dosing regimen determination. The purpose of these studies was to find a cefprozil regimen in the murine model that simulated the pharmacokinetic profile observed in children receiving 15 mg/kg every 12 h (14) . Since drug accumulation over the 12-h dosing interval is not observed with cefprozil, single-dose pharmacokinetic studies were undertaken. In an attempt to optimally design the pharmacokinetic profile of cefprozil, the dosages of both uranyl nitrate and cefprozil were varied to determine the most suitable concentration-versus-time profile of the ␤-lactam in the neutropenic infected murine model. Two hours after pneumococcal thigh inoculation as described above, mice were administered the commercially available cefprozil suspension orally. Animals were euthanized by CO 2 exposure followed by cervical dislocation prior to the intracardiac puncture. Blood was obtained from three to five mice at 0.08, 0.16, 0.25, 0.5, 1, 2, 4, and 6 h postdosing. The blood was centrifuged at 4,000 ϫ g for 10 min; the serum was transferred into a polypropylene tube and stored at Ϫ80°C until analysis.
Concentrations of cefprozil in murine serum were determined using a previously validated high-performance liquid chromatography (HPLC) procedure (17) . The assay was linear over a range of 0.2 to 25 g/ml. Intraday coefficients of variation for the low (5-g/ml) and high (20-g/ml) check samples were 1.4 and 2.9%, respectively. Interday coefficients of variation for the low and high check samples were 2.8 and 0.9%, respectively.
The pharmacokinetic parameters for each of the administered doses, including the terminal-phase elimination rate constant (␤), elimination half-life (t 1/2␤ ), apparent volume of the central compartment (V c ), apparent steady-state volume of distribution (V SS ), area under the serum drug concentration-time curve (AUC), and total-body clearance (CL T ), were calculated with first-order elimination, by nonlinear least-squares techniques (PCNONLIN, version 4.2; Statistical Consultants, Lexington, Ky.). Compartment model selection was based on visual inspection of the fit and use of the correlation between the observed and the calculated concentrations.
Efficacy as assessed by bacterial density. Once the animals had been prepared as described above and inoculated, treatment was initiated on mice (six per isolate) at 2 h after inoculation with an orally administered cefprozil regimen (6 mg/kg every 12 h [q12h]) which simulated the concentration-time-curve observed in children (14) . Control animals received water orally in the same volume (0.2 ml) and on the same schedule as cefprozil. Untreated control mice (four per group) were sacrificed just prior to antibiotic initiation and after 24 h. Cefprozil was administered for two doses (for a total of 24 h of therapy), and animals were euthanized by CO 2 exposure followed by cervical dislocation.
After sacrifice, both thighs were removed and individually homogenized in normal saline. Serial dilutions were plated on Trypticase soy agar with 5% sheep blood for CFU determinations. Efficacy (change in bacterial density) was calculated by subtracting the mean log CFU per thigh of the control mice obtained just prior to antibiotic administration from the log CFU per thigh of cefproziltreated or untreated control mice at the end of therapy (24 h).
Efficacy as assessed by survival. Groups of 35 mice were similarly infected with each test strain for evaluation of survival after 96 h of therapy. Cefprozil therapy (6 mg/kg orally q12h) was initiated 2 h after inoculation in 30 animals. The remaining five animals received the same oral volume of water q12h and served as the control population for each isolate. Cumulative mortality was calculated during 96 h of therapy. Although death has historically been used as an end point for studies of this type, this end point is no longer suitable in the current era of animal research. Therefore, our study methodology has been modified to contemporary standards, which have been used recently in studies conducted at our institution (7). Animals were monitored not less than three times daily by individuals experienced in recognizing the signs of illness and abnormal behavior. Animals that appeared to have substantial alterations in posture (e.g., abnormal posture or head tucked into abdomen), coat, exudate around the eyes and/or nose, and breathing or movement were removed from the group housing and were euthanized. The term "mortality" has been used as an end point for this study; however, it should be clearly understood that when possible, every attempt was made to minimize the pain and suffering of the animals. Animals were euthanized prior to naturally succumbing to infection if the above symptoms of impending death were observed. For the purposes of this study, whether an animal died due to the natural infection process or was euthanized, both were considered the same end point for experimental and statistical purposes.
Data analysis. Spearman's rank correlation coefficient was used to evaluate the relationship between mortality and the duration of the time that the serum drug concentration remained above the MIC (TϾMIC) for cefprozil after 96 h of therapy. This test was also used to evaluate the relationship between change in CFU and TϾMIC for cefprozil after 24 h of therapy. In addition, the relation between the pharmacodynamic parameter of TϾMIC and mortality or change in CFU was fitted to a sigmoid E max model using the computer program WinNonlin, version 3.0 (Pharsight Corp., Mountain View, Calif.).
RESULTS
The pharmacokinetic parameter estimates for several cefprozil and uranyl nitrate dosages are presented in Table 1 . These data reveal the dose proportionality related to the maximum concentration and the influence of the uranyl nitrate in substantially altering the clearance of cefprozil in this infection model. As a result of these data, a 12-h dosing regimen was simulated to meet the anticipated pharmacokinetic goals. This simulated regimen (cefprozil at 6 mg/kg and uranyl nitrate at 4.4 mg/kg) was administered to another group of infected neutropenic mice to confirm the PCNONLIN-predicted values of the modeling scheme ( Table 1) . As shown in Fig. 1 , the se- a Bacteria were injected into each thigh. b The regimen of 4.4 mg of uranyl nitrate/kg and 6 mg of cefprozil/kg was used during in vivo studies and was used to produce Fig. 1 . c C max , maximum concentration of drug in serum; T max , time to maximum concentration of drug in serum; AUC 0-T , AUC from time zero to the time of the last quantifiable concentration; CL T/F , apparent CL T .
lected regimen produced a concentration-versus-time profile in this murine model comparable to that observed in children receiving 15 mg of cefprozil/kg q12h (14) .
The MICs of cefprozil and penicillin for the S. pneumoniae isolates incorporated into this study are given in Table 2 . The selected test organisms represent a wide range of sensitivities to cefprozil and allow the opportunity for pharmacodynamic modeling over a representative range of anticipated values in clinical practice.
As presented in Fig. 2 , excellent bacterial recovery from infected thighs was observed for all isolates. These data support the accuracy of inoculum preparation and in vitro quantitative assessment prior to the initiation of therapy. In addition, these results support the reproducibility of infection via the thigh injection technique over the 4-week study period, as 5 of the 19 isolates were randomly selected for study each week. Figure 3 displays the growth of each organism in control mice over the 24-h postinfection period. Organisms grew at 0.8 to 3.1 log 10 CFU per thigh over 24 h in untreated control animals. Organism growth (positive values) or killing (negative values) at the conclusion of 24 h of cefprozil therapy (6 mg/kg q12h) are presented in Fig. 4 . The magnitude of killing ranged from 0.5 to 4.4 log 10 CFU per thigh over 24 h, and the extent of microbial eradication was dependent on the MIC for the pneumococcal isolate. Killing of more than 2.6 log 10 CFU per thigh was observed with pneumococci for which the MIC was Յ3 g/ml, while minimal killing or growth was detected with MICs of Ն4 g/ml.
The cumulative mortality over 96 h of cefprozil treatment is reported in Table 2 . Observed mortality in untreated control animals was 100% over this observation period for all isolates. In agreement with CFU-per-thigh data after 24 h of therapy, the MICs for the isolates were predictive of cumulative mortality. Animals infected with organisms for which the MICs were Յ2 g/ml survived the infection, whereas MICs exceeding 2 g/ml resulted in substantial mortality.
A significant correlation (Spearman's rank correlation coefficient; P Յ 0.001; R 2 ϭ 0.96) was observed for the relationship between mortality and TϾMIC for cefprozil ( Table 2 ). Maximum survival was observed when TϾMIC was Ն50% of the 12-h dosing interval. Similarly, a significant correlation (P Յ 0.001) was noted for the relationship between the change in CFU and TϾMIC for cefprozil after 24 h of therapy (Fig. 5) . A static effect (no net growth) was observed when TϾMIC was 20 to 30%. Maximal bactericidal effects were detected when TϾMIC was 40 to 50% of the dosing interval.
DISCUSSION
S. pneumoniae is the most common cause of otitis media and community-acquired pneumonia. As a result of the prevalence of this infecting organism and its evolving antimicrobial-resistance patterns, a pharmacodynamic evaluation of commonly used therapies is warranted for the optimization of clinical outcomes. In the present study, we evaluated the pharmacodynamic profile of cefprozil against 19 clinical isolates of S. pneumoniae with a wide range of sensitivities using the neutropenic murine thigh infection model. This model was selected because it is an accepted pharmacodynamic tool in the assessment of antimicrobial effectiveness. Also, the results obtained by using this technique appear to provide pharmacodynamic end points similar to those observed in the clinical setting with otitis media (1, 4) . As a result, both the in vivo animal data and data obtained in the clinical setting suggest that the pharmacodynamic parameter for the ␤-lactams which is most closely related to outcome is TϾMIC (1, 4, 5) . Additionally, in otitis media the pharmacodynamic indices of TϾMIC and the middle-ear fluid/MIC ratio appear to predict bacteriologic ef- 
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PHARMACODYNAMICS OF CEFPROZIL AGAINST S. PNEUMONIAEficacy with similar accuracy (4) . Using the same data, it has been shown that adequate bacterial killing is present when TϾMIC is maintained for 40 to 50% of the dosing interval for this class of antimicrobials. Therefore, in an attempt to more closely assimilate the data obtained in this animal model to that which is observed in the clinical arena, the pharmacokinetic profile of cefprozil in children was reproduced by altering both the renal function of mice and the dosage administered. Using these techniques, we were able to simulate in the model the pharmacokinetic and pharmacodynamic profile observed in children after the commonly used cefprozil regimen of 15 mg/kg every 12 hours (Fig. 1) . While the apparent serum pharmacokinetic profile obtained in our model was quite similar to the targeted values in children, an assessment of the interspecies difference in protein binding had not been made prior to this study. For that reason, cefprozil protein binding determinations were conducted by the sponsor in the mouse species utilized in our study. Results from these studies revealed that the percentages of cefprozil bound at concentrations of 10 and 100 g/ml in mouse serum were 26.3 and 31.6%, respectively. These values are consistent with the low protein binding (36%) of cefprozil in humans (Cefzil oral suspension prescribing information, document 53-004156-03, July 1997, Bristol-Myers Squibb, Princeton, N.J.). Over the course of the study, excellent bacterial recovery from infected thighs was noted for all isolates prior to the initiation of therapy. While the growth of organisms in the untreated animals was generally consistent over 24 h (2 to 3 log 10 CFU per thigh), these data did reveal the inherent variability of in vivo growth of the S. pneumoniae isolates utilized. Using this simulated pediatric exposure with a number of infecting pathogens for which the MICs varied yielded a wide range of bacterial killing over the first 24 h of therapy. Furthermore, the extent of microbial eradication was dependent on the MIC of cefprozil for the pneumococcal isolate. In this study, killing of more than 2.6 log 10 CFU per thigh was demonstrated for pneumococci for which the MIC was Յ3 g/ml, while minimal killing or growth was detected with MICs of Ն4 g/ml.
Additionally, the MICs for the isolates were predictive of the cumulative mortality rate over the course of the study. Animals infected with organisms for which the MICs were Յ2 g/ml survived the infection, whereas MICs exceeding 2 g/ml resulted in substantial mortality. These observations of an apparent breakpoint value for both the reduction in CFU and survival have been reported by other investigators utilizing a variety of ␤-lactams and drug exposure profiles (1, 5, 6, 13, 15, 18) . As expected from our reported data with cefprozil, the pharmacodynamic evaluation revealed a significant correlation both for the relationship between mortality and TϾMIC and for that between the change in CFU and TϾMIC with cefprozil. Maximum survival was observed when the TϾMIC was Ն50% of the dosing interval. Also, the maximal bactericidal effect in tissue was detected when the TϾMIC was 40 to 50% of the dosing interval, values which closely approximate those reported by other investigators studying the pharmacodynamics of the ␤-lactams (1, 5, 6, 13, 15, 18) .
Moreover, clinical trial data obtained from one new drug application (NDA) and two post-NDA trials with children (66% of whom were less than 3 years old) undergoing cefprozil therapy (15 mg/kg q12h) for pneumococcal otitis media apparently correspond with our observations. Patients infected with strains for which the MICs were 0.5 to 2 g/ml had a clinical response rate of 85% (11 of 13), whereas those infected with strains for which the MICs were 4 or 8 g/ml (n ϭ 18) had a clinical response rate of 67% (data on file, Bristol-Myers Squibb, Princeton, N.J.). These data corroborate the utility of this in vivo model in predicting outcomes in the infected patient and provide additional data concerning the appropriateness of breakpoint values to ensure good clinical outcomes for those infected with this pathogen.
Although we chose to simulate the pediatric pharmacokinetic profile of cefprozil observed after the 15-mg/kg q12h schedule due to the high use of this agent in this population, it should be recognized that a regimen of 500 mg q12h in adults produces a similar pharmacokinetic profile (16) . Therefore, for the purposes of our pharmacodynamic analysis and the utilization of these data for breakpoint determinations, similar therapeutic outcomes should be observed for either population providing the appropriate dosage is given.
In conclusion, the effectiveness (as assessed by both mortality and the reduction in CFU per thigh) of cefprozil in the murine thigh model at a drug exposure which is typically used for children reveals that cefprozil maintains maximal efficacy against S. pneumoniae when the MIC is 2 g/ml or lower. Our data and the clinical data obtained for patients with pneumococcal otitis media support the susceptibility breakpoint of Յ2 g/ml for cefprozil. Conn., for assessing the protein binding of cefprozil in mice. We also thank Ron Jones of the University of Iowa and Joan Fung-Tomc of Bristol-Myers Squibb, Wallingford, Conn., for providing clinical isolates which were used in these experiments.
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